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(57) ABSTRACT

A direct-current power supply apparatus includes: a reactor
having one end connected to an alternating-current power
supply; a bridge circuit, connected to an opposite end of the
reactor, converting an alternating-current first voltage output
from the alternating-current power supply into a direct-
current voltage; and a current detector detecting an alternat-
ing current flowing between the alternating-current power
supply and the bridge circuit. The reactor reduces an imduc-
tance 1n accordance with an increase of the alternating
current and, when the alternating current exceeds a first
current, has an inductance lower than one third of an
inductance at which a current does not flow 1n the reactor.
The bridge circuit performs an active operation when the
detection value of the alternating current i1s larger than or
equal to the first current and performs a passive operation

when the detection value of the alternating current 1s lower
than the first current.
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DIRECT-CURRENT POWER SUPPLY
APPARATUS, MOTOR DRIVE CONTROL
APPARATUS, BLOWER, COMPRESSOR, AND
AIR CONDITIONER

CROSS REFERENCE TO RELATED
APPLICATION

This application 1s a U.S. national stage application of
International Patent Application No. PCT/JP2018/031382
filed on Aug. 24, 2018, the contents of which are 1ncorpo-
rated herein by reference.

FIELD

The present invention relates to a direct-current power
supply apparatus that converts alternating-current power
into direct-current power, a motor drive control apparatus
including an AC-DC converting phase apparatus, a blower
and a compressor including the motor drive control appa-
ratus, and an air conditioner including the blower or the
COMPressor.

BACKGROUND

A direct-current power supply apparatus 1s a power con-
verting apparatus that converts alternating-current power
into direct-current power. The direct-current power supply
apparatus causes distortion in the current waveform during
operation. Therefore, when the direct-current power supply
apparatus 1s connected to a power system and operated,
harmonics flow out to the power system. Since harmonics
are a cause of failures, there are international regulations
related thereto. The direct-current power supply apparatus
needs to comply with the regulations.

One way to comply with the regulations on harmonics 1s
to use switching elements as all or one or more of the
rectifying elements of the direct-current power supply appa-
ratus. An example of a switching element 1s a metal-oxide-
semiconductor field-effect transistor (MOSFET). A direct-
current power supply apparatus including a switching
clement 1s operated 1n an operation mode of diode rectifi-
cation at light load, and operated 1n an operation mode of
high speed switching at high load. As a result, the harmonic
current that increases at high load 1s reduced to comply with
the regulations on harmonics. An example of such a direct-
current power supply apparatus 1s disclosed in Patent Lit-
erature 1 below.

Patent Literature 1 describes setting the inductance of the
reactor connected to an alternating-current power supply to
a fixed value of 3 mH to 6 mH. This prevents the reactor
from 1increasing in size.

CITATION LIST
Patent Literature

Patent Literature 1: Japanese Patent Application Laid-open
No. 2017-055581

SUMMARY

Technical Problem

The power factor 1n diode rectification 1s lower than that
in high speed switching. For this reason, a reactor of an
apparatus employing both diode rectification and high speed
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switching should have more exacting inductance values at
light load than at high load to comply with the regulations
on harmonics. It 1s thus thought that the reactor inductance
range of 3 mH to 6 mH disclosed 1n Patent Literature 1 has
been selected 1n consideration of the regulations on harmon-
ics 1n the light-load operation region. In other words, 1t can
be thought that Patent Literature 1 does not consider reactor
loss 1n the high-load operation region. That is, there 1s room
for improvement in the technique of Patent Literature 1 from
the viewpoint of reducing reactor loss.

The present mvention has been made 1n view of the
above, and an object thereof 1s to obtain a direct-current
power supply apparatus that enables further reduction in
reactor loss.

Solution to Problem

In order to solve the above-mentioned problems and
achieve the object, a direct-current power supply apparatus
according to the present invention includes: a reactor con-
nected at one end to an alternating-current power supply; a
bridge circuit connected to another end of the reactor and
converting a first voltage output from the alternating-current
power supply into a direct-current voltage, the first voltage
being an alternating-current voltage; and a current detector
detecting an alternating current flowing between the alter-
nating-current power supply and the bridge circuit. The
reactor has a characteristic of reducing an inductance in
accordance with an increase of the alternating current and
causing, when the alternating current exceeds a first current,
an inductance to be lower than one third of an inductance
when a current does not flow 1n the reactor. The bridge
circuit performs an active operation when the detection
value of the alternating current 1s larger than or equal to the
first current and performs a passive operation when the
detection value of the alternating current 1s lower than the
first current.

Advantageous Elflects of Invention

The direct-current power supply apparatus according to
the present invention achieves the eflect of further reduction
in reactor loss.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a circuit diagram illustrating a configuration of
a direct-current power supply apparatus according to a first
embodiment.

FIG. 2 1s a diagram 1illustrating the current characteristics
of the inductance of a reactor in the first embodiment.

FIG. 3 1s a flowchart for explaining the operation of the
main part of the direct-current power supply apparatus
according to the first embodiment.

FIG. 4 1s a diagram 1llustrating an exemplary configura-
tion of a drive pulse generation unit 1n the direct-current
power supply apparatus of the first embodiment.

FIG. § 1s a diagram 1llustrating an example of how a
power supply voltage phase calculation unit illustrated in
FI1G. 4 operates.

FIG. 6 1s a block diagram illustrating an exemplary
confliguration of a first arm pulse generation umt 1llustrated
in FIG. 4.

FIG. 7 1s a diagram for explaining a method of generating,
a reference pulse width modulation (PWM) signal generated
inside the first arm pulse generation unit illustrated 1n FIG.

6.
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FIG. 8 1s a diagram for explaining a dead time set inside
the first arm pulse generation unit i1llustrated 1n FIG. 6.

FIG. 9 1s a flowchart for explaining the operation of the
first arm pulse generation unit i1llustrated 1n FIGS. 4 and 6.

FIG. 10 1s a flowchart for explaining the operation of a
second arm pulse generation umit illustrated 1n FIG. 4.

FIG. 11 1s a diagram 1illustrating an example of operation
wavelorms that occur when a bridge circuit 1s PWM-
controlled by the drive pulse generation unit in the first
embodiment.

FIG. 12 1s a diagram schematically illustrating the cur-
rent-loss characteristics of a typical switching element.

FIG. 13 1s a first diagram 1llustrating a current path that 1s
tformed during the active operation of the bridge circuit 1n
the first embodiment.

FI1G. 14 1s a second diagram illustrating a current path that
1s formed during the active operation of the bridge circuit 1n
the first embodiment.

FIG. 15 1s a third diagram 1llustrating a current path that
1s formed during the active operation of the bridge circuit 1n
the first embodiment.

FIG. 16 1s a fourth diagram illustrating a current path that
1s formed during the active operation of the bridge circuit 1n
the first embodiment.

FI1G. 17 1s a first diagram illustrating a current path that 1s
tormed during the passive operation of the bridge circuit 1n
the first embodiment.

FIG. 18 1s a second diagram illustrating a current path that
1s formed during the passive operation of the bridge circuit
in the first embodiment.

FIG. 19 1s a first diagram for explaining effects of the
direct-current power supply apparatus according to the first
embodiment.

FIG. 20 15 a second diagram for explaining eflects of the
direct-current power supply apparatus according to the first
embodiment.

FIG. 21 1s a circuit diagram illustrating a first configura-
tion of a direct-current power supply apparatus according to
a second embodiment.

FI1G. 22 1s a diagram 1illustrating the current characteristics
ol the inductance of a first reactor in the second embodi-
ment.

FI1G. 23 1s a diagram 1illustrating the current characteristics
of the mductance of a second reactor 1n the second embodi-
ment.

FIG. 24 1s a circuit diagram 1illustrating a configuration of
a direct-current power supply apparatus according to a
modification of the second embodiment.

FIG. 25 1s a diagram 1llustrating an example 1n which the
direct-current power supply apparatus described in the first
embodiment 1s applied to a motor drive control apparatus.

FIG. 26 1s a diagram 1llustrating an example 1n which the
motor drive control apparatus illustrated i FIG. 25 1s
applied to an air conditioner.

DESCRIPTION OF EMBODIMENTS

Hereinafter, a direct-current power supply apparatus, a
motor drive control apparatus, a blower, a compressor, and
an air conditioner according to embodiments of the present
invention will be described in detail with reference to the
accompanying drawings. The present mvention 1s not lim-
ited to the following embodiments.

First Embodiment

FIG. 1 1s a circuit diagram 1llustrating a configuration of
a direct-current power supply apparatus 100 according to the

10

15

20

25

30

35

40

45

50

55

60

65

4

first embodiment. The direct-current power supply apparatus
100 according to the first embodiment 1s a power supply
apparatus that converts alternating-current power supplied
from a single-phase alternating-current power supply 1 nto
direct-current power and supplies the direct-current power to
a load 500. As 1llustrated 1n FIG. 1, the direct-current power
supply apparatus 100 according to the first embodiment
includes a reactor 2, a bridge circuit 3, a smoothing capacitor
4, a first voltage detector 5, a current detector 6, a second
voltage detector 7, and a control unit 10. An example of the
load 500 1s a motor incorporated 1n a blower, a compressor,
or an air conditioner.

The bridge circuit 3 has a function of converting an
alternating-current voltage output from the alternating-cur-
rent power supply 1, into a direct-current voltage. The bridge
circuit 3 includes a first leg 31 and a second leg 32. The first
leg 31 and the second leg 32 are connected 1n parallel. In the
first leg 31, a first upper-arm eclement 311 and a first
lower-arm element 312 are connected in series. In the
second leg 32, a second upper-arm element 321 and a second
lower-arm element 322 are connected 1n series. One end of
the reactor 2 1s connected to the alternating-current power
supply 1. The opposite end of the reactor 2 1s connected to
a connection point 3a between the first upper-arm element
311 and the first lower-arm element 312 1n the first leg 31.
A connection point 35 between the second upper-arm ele-
ment 321 and the second lower-arm element 322 1s con-
nected to one end of the alternating-current power supply 1.
In the bridge circuit 3, the connection points 3a and 35 form
alternating-current terminals.

In FIG. 1, the reactor 2 1s connected between the opposite
end of the alternating-current power supply 1 and the
connection point 3a, but may be connected between the one
end of the alternating-current power supply 1 and the
connection point 35.

In the bridge circuit 3, the side on which the connection
points 3a and 35 are located 1s referred to as the “alternating-
current side”. The voltage output from the alternating-
current power supply 1 1s referred to as the “power supply
voltage”, and the cycle of the power supply voltage 1s
referred to as the “power supply cycle”. Note that the power
supply voltage may also be referred to as the “first voltage”.

The first upper-arm element 311 includes a switching
clement S1 and a diode D1 connected 1n antiparallel to the
switching element S1. The first lower-arm element 312
includes a switching element S2 and a diode D2 connected
in antiparallel to the switching element S2. The second
upper-arm element 321 includes a switching element S3 and
a diode D3 connected in antiparallel to the switching ele-
ment S3. The second lower-arm element 322 includes a
switching element S4 and a diode D4 connected in antipar-
allel to the switching element S4.

FIG. 1 shows a MOSFET as a non-limiting example of
cach of the switching elements S1, S2, S3, and S4. A
MOSFET 1s a switching element that allows current to tlow
in both directions between the drain and the source. Any
switching element may be used as long as 1t 1s a bidirectional
element, which allows current to flow 1n both directions
between the first terminal corresponding to the drain and the
second terminal corresponding to the source.

The term “‘antiparalle]” means that the {first terminal
corresponding to the drain of the MOSFET 1s connected to
the cathode of the diode and the second terminal correspond-
ing to the source of the MOSFET 1s connected to the anode
of the diode. Note that the diode may be a parasitic diode
contained 1n the MOSFET 1tself. Parasitic diodes are also
called body diodes.
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At least one of the switching elements S1, S2, S3, and S4
1s not limited to a MOSFET formed of a silicon-based
material, but may be a MOSFET formed of a wide bandgap
semiconductor such as silicon carbide, a gallium nitride
based material, or diamond.

In general, wide bandgap semiconductors have higher
withstand voltage and heat resistance than silicon semicon-
ductors. Using a wide bandgap semiconductor for at least
one of the switching elements S1, S2, S3, and S4 increases
the withstand voltage property and allowable current density
of the switching elements are increased, which can contrib-
ute to reducing the size of the semiconductor module
incorporating the switching elements.

One end of the smoothing capacitor 4 1s connected to a
direct-current bus 12a on the high-potential side. The direct-
current bus 12a 1s drawn from a connection point 3¢ between
the first upper-arm element 311 in the first leg 31 and the
second upper-arm element 321 in the second leg 32. The
opposite end of the smoothing capacitor 4 1s connected to a
direct-current bus 1256 on the low-potential side. The direct-
current bus 126 1s drawn from a connection point 3d
between the first lower-arm element 312 1n the first leg 31
and the second lower-arm element 322 1n the second leg 32.
In the bridge circuit 3, the connection points 3¢ and 34 form
direct-current terminals. In the bridge circuit 3, the side on
which the connection points 3¢ and 34 are located i1s referred
to as the “direct-current side”.

The voltage output from the bridge circuit 3 1s applied to
the both ends of the smoothing capacitor 4. The smoothing
capacitor 4 smooths the voltage output from the bridge
circuit 3. The smoothing capacitor 4 1s connected to the
direct-current buses 12a and 125, and the voltage smoothed
by the smoothing capacitor 4 1s referred to as the “bus
voltage”. Note that the bus voltage may also be referred to
as the “second voltage”. The bus voltage 1s also applied to
the load 500.

The first voltage detector 5 1s connected 1n parallel with
the both ends of the alternating-current power supply 1. The
first voltage detector 5 detects the power supply voltage and
outputs a detection value Vs of the power supply voltage to
the control unit 10. The power supply voltage 1s the absolute
value of the instantaneous voltage of the alternating-current
power supply 1.

The current detector 6 detects an alternating current
flowing between the alternating-current power supply 1 and
the bridge circuit 3 and outputs a detection value Is of the
alternating current to the control unit 10.

The second voltage detector 7 1s connected in parallel
with the both ends of the smoothing capacitor 4. The second
voltage detector 7 detects the bus voltage and outputs a
detection value Vdc of the bus voltage to the control unit 10.
The control unit 10 includes a drive pulse generation unit
10a.

The drive pulse generation unit 10a 1s configured using a
computing element which 1s a computing means. An
example of the computing element 1s a microcomputer.
Alternatively, the computing element may be a processor or
a processing device called a central processing unit (CPU),
a microprocessor, or a digital signal processor (DSP).

On the basis of the detection value Vs from the first
voltage detector 5, the detection value Is from the current
detector 6, and the detection value Vdc from the second
voltage detector 7, the drnive pulse generation unit 10a
generates a drive pulse for driving the switching element of
cach arm element provided 1n the bridge circuit 3.

Hereinafter, “driving the switching element of each arm
clement” will be described as “driving each arm element”
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for the sake of convenience. In order to distinguish between
the drive pulses for driving the arm elements, the drive pulse
for driving the first upper-arm element 311 may be referred
to as the “first drive pulse”, the drive pulse for driving the
first lower-arm element 312 may be referred to as the
“second drive pulse”, the drive pulse for driving the second
upper-arm element 321 may be referred to as the “third drive
pulse”, and the drive pulse for driving the second lower-arm
clement 322 may be referred to as the “fourth drive pulse”.
The first drive pulse corresponds to Xa 1n the drawings, the
second drive pulse corresponds to Xb in the drawings, the
third drive pulse corresponds to Ya in the drawings, and the
fourth drive pulse corresponds to Yb in the drawings.

FIG. 2 1s a diagram 1llustrating the current characteristics
of the inductance of the reactor 2 in the first embodiment. In
FIG. 2, the horizontal axis represents the reactor current,
which 1s the current flowing through the reactor 2, and the
vertical axis represents the inductance of the reactor 2. As
illustrated 1n FIG. 2, the inductance of the reactor 2 1n the
first embodiment has a change point at which the inductance
greatly changes. Here, the current at the change point is
referred to as the “first current”.

In FIG. 2, L1 1s the inductance that occurs when the
reactor current does not tlow. The value of L1 1s several mH
to several tens of mH. The characteristic of the inductance
of the reactor 2 1s that the inductance value 1s substantially
maintained at L1 as the reactor current increases, but sharply
decreases around the first current 11 of the reactor current.

When the reactor current exceeds the first current 11, the
amount of decrease in the inductance of the reactor 2
becomes small, and the inductance of the reactor 2 con-
verges toward the value L2. That 1s, the characteristic of the
reactor 2 in the first embodiment 1s that the inductance
changes, with respect to the reactor current, stepwise at the
first current I1. The value of L2 1s several hundred pH to
several mH.

FIG. 2 also illustrates the operation region of the bridge
circuit 3. The bridge circuit 3 operates 1n a rectification mode
in the region where the reactor current 1s lower than the first
current 11, and operates 1n a high frequency switching mode
in the region where the reactor current 1s larger than or equal
to the first current 11. Operations 1n the rectification mode
and the high frequency switching mode will be described
later.

FIG. 2 illustrates that the inductance of the reactor 2
changes stepwise at the first current 11, which 1s a non-
limiting characteristic. The inductance of the reactor 2 may
have a characteristic of changing more gradually than in
FIG. 2 as long as the inductance decreases toward L2 as the
reactor current icreases in excess of the first current I1.

Next, the current characteristics of the inductance of the
reactor 2 1n the first embodiment will be quantitatively
defined. Here, the relationship between L1 and L3 can be
represented by the following formula, where L3 1s the
inductance at the first current I1.

L3=L1/3 (1)

Specifically, the inductance L3 at the first current 11 1s set
to one third of the inductance 1.1 at which the reactor current
does not flow.

In the case where the reactor 2 illustrated in FIG. 1
employs the reactor characteristics 1llustrated in FIG. 2, the
value of the first current 11 can be defined by Formula (1).
In the case where to the reactor 2 illustrated in FIG. 1
employs the reactor characteristics 1llustrated in FIG. 2, the
reactor 2 1s mserted between the alternating-current power
supply 1 and the bridge circuit 3, and an alternating current



US 11,811,332 B2

7

flows through the reactor 2. In this case, the current value at
which the inductance of the reactor 2 1s one thuird of the
inductance at which no alternating current flows can be
defined as the first current I1.

FIG. 3 1s a flowchart for explaining the operation of the
main part of the direct-current power supply apparatus 100
according to the first embodiment.

In FIG. 3, when the detection value Is of the alternating,
current 1s lower than the first current 11 (step ST1: Yes), the
control umt 10 causes the bridge circuit 3 to operate 1n the
rectification mode (step ST2). The rectification mode 1s a
passive mode 1n which the switching elements of the bridge
circuit 3 are not turned on and off except for synchronous
rectification. Therefore, the operation of the bridge circuit 3
in the rectification mode 1s referred to as the “passive
operation”. Details of the passive operation will be
described later.

In FIG. 3, when the detection value Is of the alternating
current 1s larger than or equal to the first current 11 (step
ST1: No), the control unit 10 causes the bridge circuit 3 to
operate 1n the high frequency switching mode (step ST3).
The high frequency switching mode 1s a mode in which the
switching elements of the bridge circuit 3 are switched at a
carrier frequency of several kHz to several tens of kHz. Note
that the high frequency switching mode 1s a mode 1n which
the switching elements of the bridge circuit 3 are actively
turned on and off. Theretfore, the operation of the bridge
circuit 3 1n the high frequency switching mode 1s referred to
as the “active operation”. Details of the active operation will
also be described later.

Note that synchronous rectification may be performed 1n
both the rectification mode and the high frequency switching,
mode. Synchronous rectification 1s a control method in
which a switching element connected 1n antiparallel to a
diode 1s turned on at the timing of flow of a current through
the diode. Details of synchronous rectification will be
described later.

Next, the basic circuit operation of the direct-current
power supply apparatus 100 according to the first embodi-
ment will be described with reference to FIGS. 1 and 4 to 11.

Referring first to FIG. 4, there 1s 1llustrated an exemplary
configuration of the drive pulse generation unit 10q 1n the
direct-current power supply apparatus 100 of the first
embodiment. As illustrated 1n FIG. 4, the drive pulse gen-
eration unit 10q includes a current command value control
unit 21, an on-duty control unit 22, a power supply voltage
phase calculation unit 23, a first arm pulse generation unit
24, a second arm pulse generation unit 23, subtractors 26 and
28, and a multiplier 27.

The subtractor 26 computes the difference between the
detection value Vdc of the bus voltage detected by the
second voltage detector 7 and a preset bus voltage command
value Vdc*. The current command value control umt 21
computes a current effective value command value Is_rms*
on the basis of the diflerence between the detection value
Vdc of the bus voltage and the bus voltage command value
Vdc*. The computation of the current effective value com-
mand value Is_rms* can be implemented by proportional
integral (PI) control on the difference between the detection
value Vdc of the bus voltage and the bus voltage command
value Vdc*. Note that PI control 1s an example, and pro-
portional (P) control or proportional integral differential
(PID) control may be adopted instead of PI control.

The power supply voltage phase calculation unit 23
receives mput of the detection value Vs of the power supply
voltage detected by the first voltage detector 5 and computes
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a power supply voltage phase estimated value Os and a sine
value sines of the power supply voltage phase estimated
value Os.

The multiplier 27 multiplies the current eflective value
command value Is_rms* output from the current command
value control unit 21, by the sine value sines of the power
supply voltage phase estimated value Os output from the
power supply voltage phase calculation unit 23. The output
from the multiplier 27 1s mput to the subtractor 28 as a
current instantaneous value command value Is*.

The subtractor 28 computes the difference between the
current instantaneous value command value Is* and the
detection value Is of the alternating current detected by the
current detector 6. The output from the subtractor 28 1s input
to the on-duty control unit 22.

The on-duty control unit 22 computes a reference on-duty
DTs on the basis of the difference between the current
instantaneous value command value Is* and the detection
value Is of the alternating current. The reference on-duty
DTs 1s used for generating the first drive pulse Xa for driving
the first upper-arm element 311 and the second drive pulse
Xb for driving the first lower-arm element 312. The com-
putation of the reference on-duty DTs 1s performed by PI
control on the difference between the current instantaneous
value command value Is* and the detection value Is of the
alternating current. Note that the on-duty control unit 22
may also employ P control or PID control, mstead of PI
control.

FIG. § 1s a diagram 1llustrating an example of how the
power supply voltage phase calculation unit 23 illustrated in
FIG. 4 operates. Note that FIG. 5 illustrates the waveforms
under 1deal conditions free from any delay due to control or
any delay due to detection processing. As illustrated in FIG.
5, the power supply voltage phase estimated value Os 1s 360°
at a point where the power supply voltage switches from
negative to positive. The power supply voltage phase cal-
culation unit 23 detects a point where the power supply
voltage switches from negative to positive, and resets the
power supply voltage phase estimated value Os to zero at this
switching point. In a case where the iterrupt function of a
microcomputer 1s used, a circuit for zero-cross detection
from the power supply voltage can be added to FIG. 4. In
any case, any method may be used as long as the phase of
the power supply voltage can be detected.

FIG. 6 1s a block diagram illustrating an exemplary
configuration of the first arm pulse generation umt 24
illustrated 1n FIG. 4. FIG. 7 1s a diagram for explaining a
method of generating a reference PWM signal Scom gen-
erated inside the first arm pulse generation unit 24 1llustrated
in FIG. 6. FIG. 8 1s a diagram for explaiming a dead time set
inside the first arm pulse generation unit 24 1illustrated 1n
FIG. 6.

As 1llustrated i FI1G. 6, the first arm pulse generation unit
24 mcludes a carrier generation unit 241, a reference PWM
signal generation unit 242, a dead time generation unit 243,
and a pulse selector unit 244. The carrier generation unit 241
generates a carrier Cs for generating the reference PWM
signal Scom. The frequency of the carnier Cs 15 called a
“carrier frequency”, and the cycle of the carrier Cs 1s called
a “carrier cycle”.

As 1llustrated in FIG. 7, the reference PWM signal
generation unit 242 generates the reference PWM signal
Scom by comparing the magnitude of the reference on-duty
DTs and the magnitude of the carrier Cs. In the example of
FIG. 7, the reference PWM signal Scom 1s generated by
setting the reference PWM signal Scom to an ON signal 1n
the case of DTs>Cs and setting the reference PWM signal




US 11,811,332 B2

9

Scom to an OFF signal in the case of DTs<Cs. Although
FIG. 7 illustrates an example of active high in which the
level of the ON signal 1s higher than that of the OFF signal,
active low may be used, 1n which the level of the ON signal
1s lower than that of the OFF signal.

The ON state or OFF state of the first upper-arm element
311 and the ON state or OFF state of the first lower-arm
clement 312 are controlled on the basis of the reference
PWM signal Scom. The first upper-arm element 311 and the
first lower-arm e¢lement 312 perform mutually nverted
operations on the basis of the reference PWM signal Scom
and an inverted signal Scom'.

However, a switching element generally has a delay time
in the transition from the ON state to the OFF state and 1n
the transition from the OFF state to the ON state. Mere use
ol the reference PWM signal Scom and the inverted signal
Scom' results 1 a short circuit occurring between the first
upper-arm element 311 and the first lower-arm element 312.
To address this problem, the dead time generation unit 243
generates a dead time td for the reference PWM signal Scom
and the inverted signal Scom' that i1s an inverse of the
reference PWM signal Scom. The dead time td 1s necessary
to prevent such a short circuit phenomenon. That 1s, the dead
time td 1s set to prevent the switching elements from
short-circuiting. FIG. 8 illustrates an example of active-high
signal wavelorms that contain the dead time td.

In FIG. 8, Q1 1s the same signal as the reference PWM
signal Scom. Q2 1s an 1nverted signal of Q1 and 1s set to be
shorter on both sides of the ON period by the dead time td.
The dead time td 1s a period 1n which both the first upper-arm
clement 311 and the first lower-arm element 312 are OFF.
Heremaftter, Q1 1s referred to as the “reference PWM f{irst
signal”, and Q2 1s referred to as the “reference PWM second
signal”. Any known method other than that illustrated 1n
FIG. 8 may be used.

Returming to FIG. 6, the pulse selector unit 244 deter-
mines to which of the first upper-arm element 311 and the
first lower-arm element 312 one of the reference PWM f{irst
signal Q1 and the reference PWM second signal Q2 1s
transmitted. FIG. 9 1s a flowchart for explaining the opera-
tion of the first arm pulse generation unit 24 illustrated in
FIGS. 4 and 6.

In FIG. 9, when the detection value Vs of the power
supply voltage 1s positive (step ST11: Yes), the pulse selec-
tor unit 244 outputs the reference PWM first signal Q1 as a
drive pulse for the first lower-arm element 312 (step ST12).
The notation “Q1—=Xb” means this control. When the
detection value Vs of the power supply voltage 1s positive
(step ST11: Yes), the pulse selector umt 244 outputs the
reference PWM second signal Q2 as a drive pulse for the
first upper-arm element 311 (step ST112). The notation
“Q2—Xa” means this control.

When the detection value Vs of the power supply voltage
1s negative or zero (step ST11: No), the pulse selector unit
244 outputs the reference PWM first signal Q1 as a drive
pulse for the first upper-arm element 311 (step ST13). The
notation “Q1—=Xa” means this control. When the detection
value Vs of the power supply voltage 1s negative or zero
(step ST11: No), the pulse selector unit 244 outputs the
reference PWM second signal Q2 as a drive pulse for the
first lower-arm eclement 312 (step ST113). The notation
“Q2—XDb” means this control.

Note that the detection value Is of the alternating current
1s used for switching between the rectification mode and the
high frequency switching mode, as described with reference

to FIG. 3.
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The determination process of step ST11 described above
results 1n “No” when the detection value Vs of the power
supply voltage 1s zero, but may result 1n “Yes” for the
detection value Vs of zero. That 1s, The determination
process of step ST11 may result i either “Yes” or “No”
when the detection value Vs of the power supply voltage 1s
Zero.

In the above-described manner, the first arm pulse gen-
eration unit 24 can generate the first drive pulse Xa for the
first upper-arm element 311 and the second drive pulse Xb
for the first lower-arm element 312.

Next, the operation of the second arm pulse generation
umit 25 will be described. FIG. 10 1s a flowchart for
explaining the operation of the second arm pulse generation
umt 25 illustrated 1n FIG. 4. Although the detailed configu-
ration of the second arm pulse generation unit 25 1s not
illustrated, the second arm pulse generation unit 25 can be
configured 1n the same manner as the first arm pulse gen-
eration unit 24 illustrated in FIG. 6.

In FIG. 10, when the detection value Vs of the power
supply voltage 1s positive (step ST21: Yes), the second arm
pulse generation unit 25 sets the third drive pulse Ya for the
second upper-arm element 321 to an OFF level signal, and
sets the fourth drive pulse Yb for the second lower-arm
clement 322 to an ON level signal (step ST22). When the
detection value Vs of the power supply voltage 1s negative
or zero (step ST21: No), the second arm pulse generation
unit 25 sets the third drive pulse Ya for the second upper-arm
clement 321 to an ON level signal, and sets the fourth drive
pulse Yb for the second lower-arm element 322 to an OFF
level signal (step ST23). These controls aim to achieve low
loss through synchronous rectification by utilizing the char-
acteristics of MOSFETs that allow current to flow i both
directions. Details of these controls will be described later.

The determination process of step ST21 described above
results 1n “No” when the detection value Vs of the power
supply voltage 1s zero, but may result 1n “Yes” for the
detection value Vs of zero. That 1s, The determination
process of step ST21 may result 1n either “Yes” or “No”
when the detection value Vs of the power supply voltage 1s
ZEro.

The above-described control procedures in FIGS. 9 and
10 cause the first upper-arm element 311, the first lower-arm
clement 312, the second upper-arm element 321, and the
second lower-arm element 322 to operate so that the bus
voltage and the alternating current are controlled.

FIG. 11 1s a diagram 1llustrating an example of operation
wavelorms that occur when the bridge circuit 3 1s PWM-
controlled by the drive pulse generation unmit 10a 1n the first
embodiment. In FIG. 11, the horizontal axis represents time,
and the vertical axis represents, from the upper side, the
power supply voltage, the alternating current, the carrier and
reference on-duty, the first drive pulse Xa, the second drive
pulse Xb, the third drive pulse Ya, and the fourth drive pulse
Yb. When the frequency of the tnangular-wave carrier
illustrated 1n FIG. 11 1s set to several kHz to several tens of
kHz, the bridge circuit 1s operated in the high frequency
switching mode described 1n the first embodiment.

In FIG. 11, the alternating current repeats small fluctua-
tions every carrier cycle, but the peak value or average value
of the wavelorm that repeats small fluctuations 1s controlled
in a sine wave shape. Controlling the peak value or the
average value of the wavelorm of the alternating current 1n
a sine wave shape means that the harmonic component of the
alternating current i1s reduced.

Next, synchronous rectification in the first embodiment
will be described. In the first embodiment, synchronous
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rectification can be used 1n both the rectification mode and
the high frequency switching mode.

FIG. 12 1s a diagram schematically illustrating the cur-
rent-loss characteristics of a typical switching element. In
FIG. 12, the loss characteristic of the parasitic diode and the
on-time loss characteristic of the switching element are
illustrated. Here, the current value at which a relation
between the loss value of the loss characteristic of the
parasitic diode and the loss value of the loss characteristic of
the switching element 1s reversed i1s defined as a second
current I12. When the current value 1s smaller than the second
current 12, the loss characteristic of the switching element 1s
smaller than that of the parasitic diode. This region 1s
referred to as the “low current region A”. When the current
value 1s larger than the second current 12, the loss charac-
teristic of the parasitic diode 1s smaller than that of the
switching element. This region 1s referred to as the “high
current region B”. Note that the value of the second current
12 1s stored in the computing element of the control unit 10
or stored 1n a memory readable by the control unit 10. The
memory readable by the control umit 10 may be outside the
control unit 10.

In a case where a switching element 1s a MOSFET, the
MOSFET has the characteristic that allows current to tlow 1n
both directions, that 1s, bidirectionality. The term “bidirec-
tionality” as used herein means that when an on command
1s given to the gate of a MOSFET, the MOSFET becomes an
ON state to allow current to tlow 1n either of the direction
from the drain to the source and the direction from the
source to the drain are put into the ON state. That 1s, the
bidirectionality means to allow bidirectional flow of current
through the switching element. Bidirectionality 1s distinct
from the characteristics of other types of switching elements
such as bipolar transistors and 1GBTSs, which can conduct
current only in one direction. The switching element having
the bidirectionality characteristic 1s used, in which case,
within the low current region A illustrated 1n FI1G. 12, current
flows not through the parasitic diode or the antiparallel
diode, but through the switching element at the same timing
as current would otherwise tlow through such a diode. Such
current flow control 1s called synchronous rectification. The
application of synchronous rectification in the low current
region A can achieve lower conduction loss than non-
application of synchronous rectification, so that the eth-
ciency of the direct-current power supply apparatus 100 can
be 1mproved.

Note that there 1s no direct relationship between the first
current I1 1illustrated i FIG. 2 and the second current 12
illustrated in FIG. 12. Therefore, the magnitude relationship
between the first current 11 and the second current 12 may be
[1>12 or 11<I2. Here, in the case of 11<I2, a part of the
operation region 1n the high frequency switching mode 1s
included 1n the low current region A. When the relationship
11<12 holds true, 1t 1s possible to achieve low loss and high
elliciency by performing synchronous rectification in the
high frequency switching mode.

Next, current paths that are formed during the active
operation of the bridge circuit 3 in the first embodiment will
be described with reference to FIGS. 13 to 16.

FI1G. 13 1s a first diagram illustrating a current path that 1s
tormed during the active operation of the bridge circuit 3 1n
the first embodiment. FIG. 13 illustrates a short-circuit path
running from the alternating-current power supply 1 through
the reactor 2 back to the alternating-current power supply 1
when the power supply voltage 1s positive and synchronous
rectification 1s performed. Note that, as illustrated 1n FIG.
13, the polarity of the power supply voltage 1s positive as the
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upper terminal of the alternating-current power supply 1 has
a positive potential. The polarity of the power supply voltage
1s negative as the upper terminal of the alternating-current
power supply 1 has a negative potential. “Positive polarity™
means that the polarity of the power supply voltage 1s
positive, and “negative polarity” means that the polarity of
the power supply voltage 1s negative.

The state 1llustrated 1n FIG. 13 corresponds to the state of
operation wavetorms 1n FIG. 11 in which the first drive pulse
Xa 1s “OFF”, the second drive pulse Xb 1s “ON”, the third
drive pulse Ya 1s “OFF”, and the fourth drive pulse Yb 1s
“ON”. As a result, the switching element S2 of the first
lower-arm element 312 and the switching element S4 of the
second lower-arm element 322 are controlled such that the
switching elements S2 and S4 are ON, while the switching
clement S1 of the first upper-arm element 311 and the
switching element S3 of the second upper-arm element 321
are controlled such that the switching elements S1 and S3
are OFF. At this time, as illustrated in FIG. 13, a current
flows from the alternating-current power supply 1 through
the reactor 2, the switching element S2 of the first lower-arm
clement 312, and the switching element S4 of the second
lower-arm element 322, to the alternating-current power
supply 1. As a result, energy 1s stored in the reactor 2.

FIG. 14 1s a second diagram 1llustrating a current path that
1s formed during the active operation of the bridge circuit 3
in the first embodiment. FIG. 14 illustrates a charging path
for the smoothing capacitor 4 when the power supply
voltage 1s positive and synchronous rectification 1s per-
formed.

The state 1llustrated 1n FIG. 14 corresponds to the state of

operation waveforms 1n FIG. 11 in which the first drive pulse
Xa 1s “ON”, the second drive pulse Xb 1s “OFF”, the third

drive pulse Ya 1s “OFF”, and the fourth drive pulse Yb 1s
“ON”. As a result, the switching element S1 of the first
upper-arm element 311 and the switching element S4 of the
second lower-arm element 322 are controlled such that the
switching elements S1 and S4 are ON while the switching
clement S2 of the first lower-arm element 312 and the
switching element S3 of the second upper-arm element 321
are conftrolled such that the switching elements S2 and S3
are OFF. At this time, as illustrated 1n FIG. 14, a current
flows from the alternating-current power supply 1 through
the reactor 2, the switching element S1 of the first upper-arm
clement 311, the smoothing capacitor 4, and the switching
element S4 of the second lower-arm element 322, to the
alternating-current power supply 1. As a result, the smooth-
ing capacitor 4 1s charged. At this time, the energy stored 1n
the reactor 2 1s used, whereby the charging voltage of the
smoothing capacitor 4 can be boosted to exceed the power
supply voltage.

FIG. 15 1s a third diagram 1llustrating a current path that
1s formed during the active operation of the bridge circuit 3
in the first embodiment. FIG. 15 illustrates a short-circuit
path running from the alternating-current power supply 1
through the reactor 2 to the alternating-current power supply
1 when the power supply voltage 1s positive and synchro-

nous rectification 1s not performed.
In FIG. 15, the first drive pulse Xa 1s “OFF”, the second

drive pulse Xb 1s “ON”, the third drive pulse Ya 1s “OFF”,
and the fourth drive pulse Yb 1s “OFF”. FIG. 135 differs from
FIG. 13 1n that the fourth drive pulse Yb 1s “OFF”. As a
result, the switching element S2 of the first lower-arm
clement 312 1s controlled such that the switching element S2
1s ON while the switching element S1 of the first upper-arm
clement 311, the switching element S3 of the second upper-
arm eclement 321, and the switching element S4 of the
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second lower-arm element 322 are controlled such that the
switching elements S1, S3, and S4 are OFF. At this time, as
illustrated 1 FIG. 15, a current tlows from the alternating-
current power supply 1 through the reactor 2, the switching
clement S2 of the first lower-arm element 312 and the diode
D4 of the second lower-arm element 322 to the alternating-
current power supply 1.

FI1G. 16 1s a fourth diagram 1illustrating a current path that
1s formed during the active operation of the bridge circuit 3
in the first embodiment. FIG. 16 illustrates a charging path
for the smoothing capacitor 4 when the power supply
voltage 1s positive and synchronous rectification 1s not

performed.
In FIG. 16, the first dnive pulse Xa 1s “ON”, the second

drive pulse Xb 1s “OFF”, the third drive pulse Ya 1s “OFEF”,
and the fourth drive pulse Yb 1s “OFF”. FIG. 16 differs from
FIG. 14 1n that the fourth drive pulse Yb 1s “OFF”. As a
result, the switching element S1 of the first upper-arm
clement 311 1s controlled such that the switching element S1
1s ON while the switching element S2 of the first lower-arm
clement 312, the switching element S3 of the second upper-
arm clement 321, and the switching element S4 of the
second lower-arm element 322 are controlled such that the
switching elements S2, S3, and S4 are OFF. At this time, as
illustrated 1 FIG. 16, a current tlows from the alternating-
current power supply 1 through the reactor 2, the switching
clement S1 of the first upper-arm element 311, the smooth-
ing capacitor 4, and the diode D4 of the second lower-arm
clement 322 to the alternating-current power supply 1.

Whether or not to perform synchronous rectification
actively 1 the high frequency switching mode can be
determined simply in view of the characteristics of the
reactor 2 used 1n the direct-current power supply apparatus
100 and the characteristics of the switching elements used 1n
the bridge circuit 3, as described above. Specifically, if the
ellect of conduction loss reduction can be obtained by
synchronous rectification, a more preferable embodiment 1s
to perform synchronous rectification in the high frequency
switching mode.

The active operation of the bridge circuit 3 within the
half-cycle with the positive power supply voltage has been
described above with reference to FIGS. 13 to 16. The same
applies to the active operation of the bridge circuit 3 within
the half-cycle with the negative power supply voltage except
that while the upper arm element of the bridge circuit 3 1s in
operation during one of the positive and negative polarities
of the power supply voltage, the lower arm element 1is
operated during the other polarity of the power supply
voltage. Thus, a detailed description of the operation of the
bridge circuit with the negative power supply voltage 1s
omitted.

Next, current paths that are formed during the passive
operation of the bridge circuit 3 1n the first embodiment will
be described with reference to FIGS. 17 and 18.

FIG. 17 1s a first diagram 1llustrating a current path that 1s
formed during the passive operation of the bridge circuit 3
in the first embodiment. FIG. 17 illustrates a charging path
for the smoothing capacitor 4 when the power supply
voltage 1s positive and synchronous rectification 1s per-

formed.
In FIG. 17, the first drive pulse Xa 1s “ON”, the second

drive pulse Xb 1s “OFF”, the third drive pulse Ya 1s “OFF”,
and the fourth drive pulse Yb 1s “ON”. As a result, the
switching element S1 of the first upper-arm element 311 and
the switching element S4 of the second lower-arm element
322 are controlled such that the switching elements S1 and

S4 are ON while the switching element S2 of the first
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lower-arm element 312 and the switching element S3 of the
second upper-arm element 321 are controlled such that the
switching elements S2 and S3 are OFF. At thus time, as
illustrated 1n FIG. 17, a current flows from the alternating-
current power supply 1 through the reactor 2, the switching
clement S1 of the first upper-arm element 311, the smooth-
ing capacitor 4, and the switching element S4 of the second
lower-arm element 322, to the alternating-current power
supply 1. As a result, the smoothing capacitor 4 1s charged.

Note that the current path illustrated in FIG. 17 1s the same
as that illustrated 1n FIG. 14, but differs in the operation
cycle of the switching elements. In the case of FIG. 17, both
the switching element S1 of the first upper-arm element 311
and the switching element S4 of the second lower-arm
clement 322 are switching-controlled in the power supply
cycle. In contrast, in the case of FIG. 14, the switching
clement S4 of the second lower-arm element 322 1s switch-
ing-controlled in the power supply cycle, and the switching
clement S1 of the first upper-arm element 311 1s switching-
controlled in the carrier cycle.

FIG. 18 1s a second diagram 1illustrating a current path that
1s formed during the passive operation of the bridge circuit
3 in the first embodiment. FIG. 18 1llustrates a charging path
for the smoothing capacitor 4 when the power supply
voltage 1s positive and synchronous rectification i1s not
performed.

In FIG. 18, the first drive pulse Xa, the second drive pulse
Xb, the third drive pulse Ya, and the fourth drive pulse Yb
are all “OFF”. FIG. 18 differs from FIG. 17 1n that the first
drive pulse Xa and the fourth drive pulse Yb are both “OFF”.
As a result, the switching element S1 of the first upper-arm
clement 311, the switching element S2 of the first lower-arm
clement 312, the switching element S3 of the second upper-
arm clement 321, and the switching element S4 of the
second lower-arm element 322 are controlled such that the
switching elements S1, S2, S3, and S4 are all OFF. At this
time, as 1illustrated in FIG. 18, a current flows from the
alternating-current power supply 1 through the reactor 2, the
diode D1 of the first upper-arm element 311, the smoothing
capacitor 4, and the diode D4 of the second lower-arm
clement 322 to the alternating-current power supply 1.

For the current-loss characteristics of a typical switching
clement, the loss characteristic of the switching element 1s
smaller than that of the parasitic diode when the current
value 1s smaller than the second current 12, as described
above with reference to FIG. 12. In the present embodiment,
the operation region where the rectification mode 1s applied
1s the region where the current value 1s smaller than the
second current 12. Synchronous rectification 1s switching
control 1n the power supply cycle, and does not increase
switching loss. Therefore, the efliciency of the direct-current
power supply apparatus 100 can be improved by using
synchronous rectification.

In a case where the diode connected 1n antiparallel to the
switching element 1s not a parasitic diode but a diode with
a small loss, passive operation without synchronous recti-
fication may be performed.

The passive operation of the bridge circuit 3 within the
half-cycle with the positive power supply voltage has been
described above with reference to FIGS. 17 and 18. The
same applies to the hali-cycle passive operation of the
bridge circuit 3 with the negative power supply voltage
except that while the upper arm element of the bridge circuit
3 1s 1n operation during one of the positive and negative
polarities of the power supply voltage, the lower arm ele-
ment 1s operated during the other polarity of the power
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supply voltage. Thus, a detailed description of the passive
operation of the bridge circuit 1s omatted.

Next, effects obtained by the direct-current power supply
apparatus 100 according to the first embodiment will be
described with reference to FIGS. 19 and 20. FIG. 19 1s a
first diagram for explaining eflects of the direct-current
power supply apparatus 100 according to the first embodi-
ment. FIG. 20 1s a second diagram for explaiming eflects of
the direct-current power supply apparatus 100 according to
the first embodiment.

In FIG. 19, the horizontal axis represents the reactor
current, and the vertical axis represents the reactor loss. In
FIG. 20, the horizontal axis represents the reactor current,
and the vertical axis represents the conversion efliciency.

Note that the efliciency 1s the conversion efli

iciency ol output
power relative to input power. In FIGS. 19 and 20, the solid
line 1s the reactor loss or efliciency characteristic 1n the
bridge circuit when the reactor of the first embodiment 1s
used, and the broken line 1s the reactor loss or efliciency

characteristic 1n the bridge circuit when a reference reactor
1s used.

The characteristics of the reactor of the first embodiment
are as 1llustrated 1n FIG. 2. Assume that the reference reactor
has a fixed inductance (=L1). The first current 11 1s plotted
on the horizontal axis of FIGS. 19 and 20, as in FIG. 2. In
order to compare the reactor of the first embodiment and the
reference reactor in terms of the reactor loss and the efli-
ciency under the same conditions, regardless of whether the
reactor of the first embodiment or the reference reactor 1s
used, the passive operation involving the synchronous rec-
tification 1s performed i1n the region lower than the first
current I1 and the active operation involving the synchro-
nous rectification 1s performed 1n the region not lower than
the first current I1.

As 1llustrated 1n FIG. 19, 1in the case of the reference
reactor, the reactor loss 1n the bridge circuit increases like a
quadratic function with respect to the reactor current. In
contrast, 1n the case of the reactor of the first embodiment,
as 1llustrated in FIG. 2, the inductance of the reactor has a
characteristic of “drooping’, or dropping in an inverted
L-shape with respect to the reactor current, and 1s set to
particularly suit the high-load operation region. The opera-
tion region where the reactor current 1s larger than the first
current 11 corresponds to the high-load operation region.
Theretore, as 1llustrated 1n FIG. 19, the reactor loss can be
significantly reduced particularly 1n the high-load operation
region. The reduction of the reactor loss can lead to an

improvement 1n the conversion efliciency as illustrated 1n
FIG. 20.

As described above, the reactor used 1n the direct-current
power supply apparatus according to the first embodiment 1s
connected between the alternating-current power supply and
the bridge circuit and has a characteristic of reducing an
inductance 1n accordance with an increase in the alternating
current and, when the alternating current exceeds a first
current, having an inductance lower than one third of an
inductance at which a current does not flow 1n the reactor.
Then, the bridge circuit performs the active operation when
the detection value of the alternating current 1s larger than or
equal to the first current and performs the passive operation
when the detection value of the alternating current 1s lower
than the first current. As a result, reactor loss 1s reduced
particularly in the high-load operation region.

Because the direct-current power supply apparatus
according to the first embodiment can reduce reactor loss,
the generation of heat 1n the reactor can be reduced. This can
contribute to reducing the size of the reactor, as compared
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with the case where the inductance of the reactor 1s selected
according to the regulations on harmonics in the light-load
operation region.

Second Embodiment

FIG. 21 1s a circuit diagram 1illustrating a first configura-
tion of a direct-current power supply apparatus 100A accord-
ing to the second embodiment. The direct-current power
supply apparatus 100A according to the second embodiment
1s obtained by replacing the reactor 2 of the direct-current
power supply apparatus 100 according to the first embodi-
ment 1llustrated in FIG. 1 with two reactors: a first reactor
2A and a second reactor 2B. The other configuration is the
same as or equivalent to the configuration in FIG. 1. The
same or equivalent components are denoted by the same
reference signs, and redundant descriptions are omitted.

FIG. 22 15 a diagram 1illustrating the current characteristics
of the inductance of the first reactor 2A 1n the second
embodiment. FIG. 23 1s a diagram 1illustrating the current
characteristics of the inductance of the second reactor 2B 1n
the second embodiment.

In FIG. 22, L4 1s the inductance that occurs when the
reactor current does not flow, and 1s also the maximum
inductance of the first reactor 2A. The value of L4 1s several
mH to several tens of mH. The inductance of the first reactor
2A 1s substantially maintained at L4 relative to an increase
in the reactor current, and sharply decreases immediately
betore the reactor current reaches the first current I1. That 1s,
the reactor 2 in the first embodiment has the characterlstlc
that the inductance “droops™, or drops 1n an inverted L-shape
with respect to the reactor current as the reactor current
approaches the first current I1. Such a drop characteristic can
be achieved by providing the first reactor 2A with a char-
acteristic of being saturated at the first current I1.

Here, the value of L5 1s set to 1/1000 or less of the value
of L4. That 1s, the relationship between 1.4 and L5 can be
represented by the following formula.

L5L4/1000

(2)

The inductance of the second reactor 2B 1n the second
embodiment has a flat characteristic over the entire opera-
tion region of the bridge circuit 3, as illustrated 1n FIG. 23.
Here, the flat characteristic means that the change in the
inductance of the second reactor 2B over the entire operation
region 1s within 10% of the maximum inductance L6 of the
second reactor 2B. In other words, if the minimum 1nduc-
tance of the second reactor 2B 1s 90% or more of the
maximum 1nductance L6 of the second reactor 2B in the
entire operation region of the bridge circuit 3, the inductance
of the second reactor 2B can be regarded as having a flat
characteristic.

Next, a specific example for obtaining the current char-
acteristics 1illustrated 1 FIG. 2 with the first reactor 2A
having the characteristics illustrated in FIG. 22 and the
second reactor 2B having the characteristics 1llustrated 1n
FIG. 23 will be described.

First, assume that the maximum inductance L6 of the
second reactor 2B and the maximum 1nductance L4 of the
first reactor 2A have the relationship represented by the
following formula.

Lo6=L4/2

(3)

In FIG. 21, the first reactor 2A and the second reactor 2B
are connected 1n series on the circuit. Theretore, the sum of
the first reactor 2A and the second reactor 2B becomes the
total inductance of the first reactor 2 A and the second reactor

2B.
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Here, 1n the operation region 1n the rectification mode, let
Ltl represent the total inductance at a relatively small
reactor current, and let Lt2 represent the total inductance at
the first current I1. Ltl and Lt2 can be roughly converted
into the following formulas.

Litl=L4+1 6=

2xL6+16=

3xL6 (4)

Li2=15+16~

O+L6=

L6 (5)

From Formulas (4) and (5), the relationship represented
by the following formula holds between Ltl and Lt2.

Lil:L12=3:1 (6)

The relationship of Formula (6) 1s the same as the
relationship 1n the first embodiment between the inductance
.1 that occurs when the reactor current does not flow and the
inductance L3 at the first current I1. Therefore, the configu-
ration of FIG. 21, in which the first reactor 2A having the
characteristics 1llustrated in FIG. 22 and the second reactor
2B having the charactenistics illustrated in FIG. 23 are
connected 1n series, 1s equivalent to the configuration of
FIG. 1.

Note that the example represented by Formula (3) 1s a
non-limiting example for making the relationship of For-
mula (6) match the relationship of Formula (1). It 1s prei-
crable, for example, that the ratio of the difference between
half of the maximum inductance 1.4 of the first reactor 2A
and the maximum 1nductance L6 of the second reactor 2B to
half of the maximum inductance L4 of the first reactor 2A
be within the range of £10%.

This relationship can be represented by the following
formula.

~0.1={(L4)/2-L6V/{(14)/2}=0.1 (7)

Formula (7) can be modified to be represented by the
tollowing formula.

0.45xL4=L6=0.55x 4 (8)

Formula (8) shows that the maximum inductance 1.6 of
the second reactor 2B only needs to be set to a value within
the range of 45% to 55% of the maximum inductance L4 of
the first reactor 2A.

FI1G. 24 1s a circuit diagram illustrating a configuration of
a direct-current power supply apparatus 100B according to
a modification of the second embodiment. The direct-current
power supply apparatus 100B according to the second
embodiment 1s obtained by modifying the configuration of
the direct-current power supply apparatus 100A according to
the second embodiment 1llustrated in FIG. 21 such that one
reactor, namely the first reactor 2A, 1s connected to the
connection point 3aq, and the other reactor, namely the
second reactor 2B, 1s connected to the connection point 35
and to the alternating-current power supply 1. Therefore, the
configuration of FIG. 24 1s equivalent to the configurations
of FIGS. 1 and 21.

For the direct-current power supply apparatus according
to the second embodiment, the reactor connected between
the alternating-current power supply and the bridge circuit
includes the first reactor and the second reactor, as described
above. The first reactor has a characteristic of “drooping”, or
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dropping an inductance in an inverted L-shape with respect
to the alternating current as the alternating current

approaches the first current. The second reactor has a flat
characteristic over an entire operation region of the bridge
circuit. This makes 1t possible to relatively easily achieve the
current characteristics of the inductance described 1n the first
embodiment with reference to FIG. 2.

Because the direct-current power supply apparatus
according to the second embodiment 1s implemented by the
two reactors, the first reactor and the second reactor, the
amount ol heat generation from the reactors can be dis-
persed. As a result, 1t 1s possible to prevent uneven heat
distribution 1n the apparatus, and thus the effect of facilitat-
ing thermal design can be obtained.

Although the characteristics illustrated i FIG. 2 are
achieved by a single first reactor and a single second reactor
in the examples of FIG. 21 and FIG. 24, at least one of the
first reactor and the second reactor may include a plurality
of reactors. As a result, the characteristics illustrated in FIG.
2 are achueved with at least three or more reactors. Three or
more reactors enable further dispersion of the amount of
heat generation from the reactors.

Third Embodiment

The direct-current power supply apparatuses described 1n
the first and second embodiments can be applied to a motor
drive control apparatus that supplies direct-current power to
an inverter. Hereinafter, an example of the application of the
direct-current power supply apparatus 100 described 1n the
first embodiment to a motor drive control apparatus will be
described.

FIG. 25 1s a diagram 1illustrating an example in which the
direct-current power supply apparatus 100 described 1n the
first embodiment 1s applied to a motor drive control appa-
ratus 101. The motor drive control apparatus 101 according
to the third embodiment 1llustrated 1n FIG. 25 includes the
direct-current power supply apparatus 100 according to the
first embodiment and an inverter 500a. As described above,
the direct-current power supply apparatus 100 1s an appa-
ratus that converts alternating-current power into direct-
current power. The inverter 500a 1s a device that converts
direct-current power output from the direct-current power
supply apparatus 100 into alternating-current power.

A motor 5006 1s connected to the output side of the
inverter 500a. The mverter 500a drives the motor 5005 by
supplying the converted alternating-current power to the
motor 500b.

The motor drive control apparatus 101 1llustrated 1n FIG.
25 can be applied to a product such as a blower, a compres-
sor, and an air conditioner.

FIG. 26 1s a diagram 1illustrating an example in which the
motor drive control apparatus 101 illustrated in FIG. 25 1s
applied to an air conditioner. The motor 5005 1s connected
to the output side of the motor drive control apparatus 101,
and the motor 5005 1s connected to a compression element
504. A compressor 505 includes the motor 5005 and the
compression element 504. A refrigeration cycle unit 506
includes a four-way valve 506q, an indoor heat exchanger
506b, an expansion valve 506¢, and an outdoor heat
exchanger 506d.

The refrigerant circulates through the air conditioner by
flowing from the compression element 504 and back to the
compression element 504 through the four-way valve 5064,
the indoor heat exchanger 5065, the expansion valve 506c¢,
the outdoor heat exchanger 5064, and the four-way valve
506a again. The motor drive control apparatus 101 recerves
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alternating-current power 1Irom the alternating-current
power supply 1 and rotates the motor 3005. The compres-
sion element 504 executes the operation of compressing the
refrigerant as the motor 5005 rotates, so that the refrigerant
can circulate through the refrigeration cycle unit 506.
Although FIG. 25 depicts an example i which the
direct-current power supply apparatus 100 described 1n the
first embodiment 1s applied to the motor drive control
apparatus 101, the direct-current power supply apparatuses
100A and 100B described 1n the second embodiment can
also be applied to the motor drive control apparatus 101.
The motor drive control apparatus according to the third
embodiment 1includes the direct-current power supply appa-
ratus according to the first embodiment or the direct-current
power supply apparatus according to the second embodi-
ment. As a result, the eflects described 1n the first embodi-
ment or the second embodiment can be obtained in a product
such as a blower, a compressor, and an air conditioner to

which the motor drive control apparatus according to the
third embodiment 1s applied.

The configurations described in the above-mentioned
embodiments 1indicate examples of the contents of the pres-
ent invention. The configurations can be combined with
another well-known technique, and some of the configura-
tions can be omitted or changed 1n a range not departing
from the gist of the present invention.

REFERENCE SIGNS LIST

1 alternating-current power supply; 2 reactor; 2A first
reactor; 2B second reactor; 3 bridge circuit; 3a, 3b, 3¢, 3d
connection point; 4 smoothing capacitor; 3 {first voltage
detector; 6 current detector; 7 second voltage detector; 10
control unit; 10a drive pulse generation unit; 12a, 125
direct-current bus; 21 current command value control unait;
22 on-duty control unit; 23 power supply voltage phase
calculation umit; 24 first arm pulse generation unit; 235
second arm pulse generation unit; 26, 28 subtractor; 27
multiplier; 31 first leg; 32 second leg; 100, 100A, 100B
direct-current power supply apparatus; 101 motor drive
control apparatus; 241 carrier generation unit; 242 reference
PWM signal generation unit; 243 dead time generation unit;
244 pulse selector umt; 311 first upper-arm element; 312 first
lower-arm element; 321 second upper-arm element; 322
second lower-arm element; 500 load; 5004 inverter; 5005
motor; 504 compression eclement; 505 compressor; 506
refrigeration cycle unit; 506a four-way valve; 5065 indoor
heat exchanger; 506¢ expansion valve; 5064 outdoor heat
exchanger; D1, D2, D3, D4 diode; S1, S2, S3, S4 switching
clement.

The 1nvention claimed 1s:

1. A direct-current power supply apparatus comprising:

a reactor connected at one end to an alternating-current
power supply;

a bridge circuit connected to another end of the reactor
and converting a first voltage output from the alternat-
ing-current power supply 1nto a direct-current voltage,
the first voltage being an alternating-current voltage;
and

a current detector detecting an alternating current flowing,
between the alternating-current power supply and the
bridge circuit, wherein

the reactor has a characteristic of reducing an inductance
in accordance with an increase of the alternating cur-
rent and causing, when the alternating current exceeds
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a first current, the inductance to be lower than one third
of an inductance when a current does not tlow in the
reactor,

the inductance of the reactor when the alternating current
1s equal to the first current 1s set to one third of the
inductance when a current does not flow 1n the reactor,
and

the bridge circuit performs an active operation when a
detection value of the alternating current 1s larger than
or equal to the first current and performs a passive
operation when the detection value of the alternating
current 1s lower than the first current.

2. The direct-current power supply apparatus according to

claim 1, wherein

the reactor includes a first reactor and a second reactor,

the first reactor has a characteristic of dropping an induc-
tance 1n an 1nverted L-shape with respect to the alter-
nating current as the alternating current approaches the
first current, and

the second reactor has a flat characteristic over an entire
operation region of the bridge circuit.

3. The direct-current power supply apparatus according to

claim 2, wherein

at least one of the first reactor and the second reactor
includes a plurality of reactors.

4. The direct-current power supply apparatus according to

claim 1, comprising;

a first voltage detector detecting the first voltage;

a second voltage detector detecting a second voltage, the
second voltage being a voltage on a direct-current side
of the bridge circuit; and

a control unit controlling the bridge circuit on a basis of
a detection value of the first voltage, a detection value
of the second voltage, and the detection value of the
alternating current, wherein

the bridge circuit includes a first leg in which a first
upper-arm element and a first lower-arm element are
connected 1n series, and a second leg 1n which a second
upper-arm element and a second lower-arm element are
connected 1n series,

the first leg and the second leg are connected 1n parallel,
and

during the active operation, the control unit

switching-controls the first upper-arm element and the
first lower-arm element 1n a carrier cycle; and

switching-controls the second upper-arm element and the
second lower-arm element 1 a cycle of the first volt-
age.

5. The direct-current power supply apparatus according to

claim 1, comprising:

a first voltage detector detecting the first voltage;

a second voltage detector detecting a second voltage, the
second voltage being a voltage on a direct-current side
of the bridge circuit; and

a control unit controlling the bridge circuit based on a
detection value of the first voltage, a detection value of
the second voltage, and the detection value of the
alternating current, wherein

the bridge circuit includes a first leg in which a first
upper-arm element and a first lower-arm element are
connected 1n series, and a second leg 1n which a second
upper-arm element and a second lower-arm element are
connected 1n series,

the first leg and the second leg are connected 1n parallel,
and

during the active operation, the control unit
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switching-controls the first upper-arm element and the
first lower-arm element 1n a carrier cycle; and
performs synchronous rectification on the second upper-
arm element and the second lower-arm element 1n the
carrier cycle.
6. The direct-current power supply apparatus according to
claim 4, wherein
during the passive operation, the control unit causes the
bridge circuit to operate in a passive mode 1n which the
first upper-arm element, the first lower-arm element,
the second upper-arm element, and the second lower-
arm element of the bridge circuit are not turned on and
ofl except to perform synchronous rectification, and
the control unit performs synchronous rectification on the
second upper-arm element and the second lower-arm
clement 1 the cycle of the first voltage during the
passive operation.
7. The direct-current power supply apparatus according to
claim 4, wherein
at least one of the first upper-arm element, the first
lower-arm element, the second upper-arm element, and
the second lower-arm element 1s formed of a wide
bandgap semiconductor.
8. The direct-current power supply apparatus according to
claim 7, wherein
the wide bandgap semiconductor 1s silicon carbide, gal-
llum nitride, or diamond.
9. A motor dnive control apparatus comprising;
the direct-current power supply apparatus according to
claim 1; and
an mverter converting direct-current power output from
the direct-current power supply apparatus 1nto alternat-
ing-current power.
10. The direct-current power supply apparatus according
to claim 5, wherein
during the passive operation, the control unit causes the
bridge circuit to operate in a passive mode 1n which the
first upper-arm element, the first lower-arm element,
the second upper-arm element, and the second lower-
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arm element of the bridge circuit are not turned on and

ol except to perform synchronous rectification, and
the control unit performs synchronous rectification on the
second upper-arm element and the second lower-arm
clement 1 the cycle of the first voltage during the
passive operation.
11. The direct-current power supply apparatus according
to claim 5, wherein
at least one of the first upper-arm element, the first
lower-arm element, the second upper-arm element, and
the second lower-arm element 1s formed of a wide
bandgap semiconductor.
12. A blower comprising
the motor drive control apparatus according to claim 9.
13. A compressor comprising
the motor drive control apparatus according to claim 9.
14. An air conditioner comprising
the blower according to claim 12.
15. An airr conditioner comprising the compressor accord-
ing to claim 13.
16. An air conditioner comprising:
a blower comprising a first motor drive control apparatus
comprising:
the direct-current power supply apparatus according to
claim 1; and
an mverter converting direct-current power output from
the direct-current power supply apparatus of the first
motor drive control apparatus into alternating-cur-
rent power; and
a compressor comprising a second motor drive control
apparatus comprising:
the direct-current power supply apparatus according to
claim 1; and
an mverter converting direct-current power output {from
the direct-current power supply apparatus of the
second motor drive control apparatus into alternat-
ing-current power.

G o e = x
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